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Vibrothermography at local defect resonance (LDR) frequencies is a promising technique to localize the 
vibrational energy at defected area and enhance its detectability under a low excitation power. However, the 
technique is mainly limited by the fact that it makes use of the LDR frequencies already known from e.g. 
vibrational measurements. To overcome this limitation, thermal response derivative spectroscopy is sug-
gested as a post-processing strategy for reference-free identification of LDRs in sweep vibrothermography. 
An impacted carbon fiber reinforced polymer (CFRP) coupon is tested under broadband frequency sweep 
excitation and its surface temperature is recorded by an infrared camera. The LDR frequencies associated 
with different regions of the defected area are then extracted by time derivative analysis of the resultant 
thermal response. Selected LDRs obtained through the proposed technique are individually validated by 
lock-in vibrothermography at corresponding frequencies.
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I. Introduction
Fiber reinforced polymers offer great advantages for structural applications which has made them
a promising alternative to replace the traditional metallic components. However, their non-
homogenous microstructure makes them prone to initiation and propagation of multiple defect
types during production and operational life.  This has given rise to the need for the development
of reliable non-destructive testing (NDT) techniques in order to ensure their quality.
Vibrothermography is an active infrared thermography technique in which a defect is detected 
through its vibration-induced heating [1]. Mechanical vibrations are usually applied to the test 
specimen by means of an actuator bonded to the surface which leads to dynamic activation of the 
defects. The localized strain energy density around the defect and the resultant interaction of the 
defect’s interfaces dissipate the vibrational energy as heat. Depending on the orientation, 
asperities, and opening or tightness of the defect, various heating mechanisms come into effect 
including: rubbing friction, adhesion hysteresis, viscoelastic damping, thermoelastic damping, and 
even plastic deformation at the crack tips [2, 3]. A promising approach in vibrothermography is to 
stimulate resonance modes of the damage features, so-called local defect resonances (LDR), 
which leads to a highly intensified interaction of interfaces and significantly increases the local 
vibration-induced heating [4-6]. Despite the promising efficiency of the LDR based 
vibrothermography, its application is limited by the fact that the LDR frequencies are required as 
an input. Rahammer and Kreutzbruck [7] introduced a low power vibrothermography technique 
with frequency sweep excitation to stimulate any unknown LDR located in the frequency range of 
excitation. The frequency sweep was performed in a few cycles and the resultant thermal 
response was post-processed using Fourier transform. 
In a recent study by the current authors [8], the significant contribution of in-plane LDRs in 
vibration-induced heating was demonstrated. It was shown that the in-plane LDRs can be detected 
through live monitoring of the surface temperature during the sweep excitation (see supplementary 
information of [8]). For further development of the LDR vibrothermography, this paper introduces 
a vibrothermographic spectroscopy procedure for effective definition of multiple LDR frequencies 
solely based on the measured thermal images. The second time derivative of the thermal 
response is calculated to (i) cancel out the heat dissipation induced by the excitation source, (ii) 
minimize the in-plane thermal diffusion effects and more importantly (iii) detect the instantaneous 
gradients of heating intensity due to the activation of LDRs. Prominent LDR frequencies of an 
impacted CFRP coupon are defined through the proposed vibrothermographic spectroscopy. The 
advantages of calculating the second time derivative of thermal response is demonstrated, and 
the need for compensation of the thermal latency in determination of LDR frequencies is 
discussed.  
II. Experimental set-up
An impacted CFRP coupon with dimensions 100×150×5.5 mm3 and the quasi-isotropic lay-up of
[(+45/0/-45/90)]3s is inspected (see Figure 1(a)). The sample was impacted with a 7.1 kg drop-
weight from a height of 0.1 m according to the ASTM D7136. The impact energy was measured
6.3 J, which introduced the BVID. The BVID includes a hair-like surface crack at the backside as
shown in the microscopic view in the inset of Figure 1(a). For vibrational excitation, a low power
piezoelectric (PZT) patch (type EPZ-20MS64W from Ekulit, with a diameter of 12 mm) is glued to
the impact side . A wideband sweep excitation with the frequency band 1- 250 kHz and duration
of 50 s is applied. A Falco System WMA-300 voltage amplifier is used to increase the excitation
voltage to 150 Vpp. The vibration-induced heating is measured at a sampling frequency of 25 Hz
by a FLIR A6750sc infrared camera (controlled by edevis GmbH hardware-software), which has
a cryo-cooled InSb detector with a pixel density of 640 x 512 pixels, a noise equivalent differential
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temperature (NEDT) of < 20 mK and a bit depth of 14 bit. The temperature is measured in digital 
level (DL) which is the raw output of the infrared camera. Thermal spectra corresponding to the 
entire sweep frequency range is studied and the prominent LDR frequencies are identified. 
Selected LDR frequencies are validated by lock-in vibrothermography [9] at a modulation 
frequency of 0.05 Hz for two cycles. 
III. Results and discussion
For analysis of the results, the path AB as indicated in Figure 1(a), is chosen such that it includes
the PZT, the sound area, and the regions D1 and D2 along the defected area.
Figure 1: Sweep vibrothermography of an impacted CFRP: (a) the CFRP coupon, (b,c) temperature 
variation along the path AB and (d,e) variation of temperature's second time derivative along the path AB 
and detected LDR frequencies. (𝑇,  𝑇0 , 𝑡 and f denote temperature, the initial temperature, time and 
frequency respectively). 
Figure 1(b) presents the measured temperature response along the line AB and the curves shown 
in  Figure 1(c) correspond to the temperature evolution at regions D1, D2 and B (after cold image 
subtraction). The variation of temperature at the defected regions D1 and D2, compared to the non-
defected point B, shows a significantly higher heating rate due to the defect-induced heating. 
Multiple spikes are observed in the thermal response of the defected points due to the momentary 
contribution of LDRs during the frequency sweep. 
LDR frequencies may be identified based on the peaks of the thermal response. However, this is 
not a straight forward approach due to the presence of the measurement noise, intrusion of the 
heat diffused from LDRs activated at earlier time instances, and also the global heating of the 
sample. To overcome this limitation, thermal response derivative spectroscopy is proposed. The 
second time derivative of temperature, i.e. the curvature of the temperature-time curve in Figure 
1(c), is a measure for the instantaneous gradient of heating intensity. Therefore, by analyzing its 
negative value as shown in Figure 1(e), the peaks indicate time instances at which the maximum 
gradient of heating intensity is achieved due to the activation of an LDR. The raw thermal response 
of each pixel is first smoothened by Savitzky-Golay filter and then the time derivatives are 
calculated through the central difference method. Comparison of the raw temperature (Figure 
1(b,c)) with its second time derivative (Figure 1(d,e)) clearly demonstrates the advantages of the 
second time derivative analysis for the detection of the LDR frequencies. The thermal traces of 
the PZT and also the LDRs excited at earlier time instances are removed and a clear localized 
indication of the LDRs is provided.  
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Furthermore, two of the detected LDR frequencies are selected and their validity is evaluated as 
shown in Figure 2. For each LDR frequency, the raw thermal image (Figure 2(a,d)) and the 
corresponding second time derivative (Figure 2(b,e)) of sweep vibrothermography are compared 
with the temperature amplitude obtained from lock-in vibrothermography (Figure 2(c,f)). A 
common characteristic observed in the three images is that, at each detected LDR frequency, the 
defected area shows localized heating and the highest heating intensity is observed at the 
corresponding region of defect (D1 at 92.51 kHz , and D2 at 107.7 kHz).   
Figure 2: Validation of  two thermally identified LDR frequencies compared with lock-in vibrothermography 
V. Conclusions
A vibrothermographic spectroscopy procedure was introduced for identification of the LDR
frequencies of a defected sample based on the second time derivative of measured surface
temperature. An impacted  CFRP coupon was tested and the competency of the proposed
technique was experimentally confirmed. It was demonstrated that the second time derivative of
the thermal response competently (i) cancels out the heat dissipation induced by the excitation
source, (ii) minimizes the in-plane thermal diffusion effects and more importantly (iii) detects the
instantaneous gradients of heating intensity due to the transient activation of LDRs during the
frequency sweep. The prominent LDR frequencies of the impacted CFRP coupon were identified
through the proposed vibrothermographic spectroscopy, and selected frequencies were validated
by lock-in vibrothermography.
The main limitation of the proposed technique is the fact that the heating induced by an LDR needs 
to diffuse from the relevant internal defect to the inspection surface, so that it can be detected by 
the infrared camera. Therefore, it is expected that this thermal latency leads to an overestimation 
of the LDR frequency as it becomes visible at a later time during frequency sweep excitation. This 
necessitates an improved technique capable of compensating this thermal latency which is the 
subject of a further study by the authors. 
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